Currently, there is no recommendation regarding the minimum number of pulse wave velocity (PWV) measurements to optimize individual's cardiovascular risk (CVR) stratification. The aim of this study was to examine differences between three single consecutive and averaged PWV measurements in terms of the extrapolated CVR and the classification of aortic stiffness as normal. In 60 subjects who referred for CVR assessment, three repeated measurements of blood pressure (BP), heart rate and PWV were performed. The reproducibility was evaluated by the intraclass correlation coefficient (ICC) and mean±s.d. of differences. The absolute differences between single and averaged PWV measurements were classified as: p0.25, 0.26-0.49, 0.50-0.99 and X1 m s À1 . A difference X0.5 m s À1 (corresponding to 7.5% change in CVR, metaanalysis data from 412 000 subjects) was considered as clinically meaningful; PWV values (single or averaged) were classified as normal according to respective age-corrected normal values (European Network data). Kappa statistic was used to evaluate the agreement between classifications. PWV for the first, second and third measurement was 7.0±1.9, 6.9±1.9, 6.9±2.0 m s À1 , respectively (P ¼ 0.319); BP and heart rate did not vary significantly. A good reproducibility between single measurements was observed (ICC40.94, s.d. ranged between 0.43 and 0.64 m s À1 ). A high percent with difference X0.5 m s À1 was observed between: any pair of the three single PWV measurements (26.6-38.3%); the first or second single measurement and the average of the first and second (18.3%); any single measurement and the average of three measurements (10-20%). In only up to 5% a difference X0.5 m s À1 was observed between the average of three and the average of any two PWV measurements. There was no significant agreement regarding PWV classification as normal between: the first or second measurement and the averaged PWV values. There was significant agreement in classification made by the average of the first two and the average of three PWV measurements (j ¼ 0.85, Po0.001). Even when high reproducibility in PWV measurement is succeeded single measurements provide quite variable results in terms of the extrapolated CVR and the classification of aortic stiffness as normal. The average of two PWV measurements provides similar results with the average of three.
Currently, there is no recommendation regarding the minimum number of pulse wave velocity (PWV) measurements to optimize individual's cardiovascular risk (CVR) stratification. The aim of this study was to examine differences between three single consecutive and averaged PWV measurements in terms of the extrapolated CVR and the classification of aortic stiffness as normal. In 60 subjects who referred for CVR assessment, three repeated measurements of blood pressure (BP), heart rate and PWV were performed. The reproducibility was evaluated by the intraclass correlation coefficient (ICC) and mean±s.d. of differences. The absolute differences between single and averaged PWV measurements were classified as: p0.25, 0.26-0.49, 0.50-0.99 and X1 m s À1 . A difference X0.5 m s À1 (corresponding to 7.5% change in CVR, metaanalysis data from 412 000 subjects) was considered as clinically meaningful; PWV values (single or averaged) were classified as normal according to respective age-corrected normal values (European Network data). Kappa statistic was used to evaluate the agreement between classifications. PWV for the first, second and third measurement was 7.0±1.9, 6.9±1.9, 6.9±2.0 m s À1 , respectively (P ¼ 0.319); BP and heart rate did not vary significantly. A good reproducibility between single measurements was observed (ICC40.94, s.d. ranged between 0.43 and 0.64 m s À1 ). A high percent with difference X0.5 m s À1 was observed between: any pair of the three single PWV measurements (26.6-38 .3%); the first or second single measurement and the average of the first and second (18.3%); any single measurement and the average of three measurements (10-20%) . In only up to 5% a difference X0.5 m s À1 was observed between the average of three and the average of any two PWV measurements. There was no significant agreement regarding PWV classification as normal between: the first or second measurement and the averaged PWV values. There was significant agreement in classification made by the average of the first two and the average of three PWV measurements (j ¼ 0.85, Po0.001). Even when high reproducibility in PWV measurement is succeeded single measurements provide quite variable results in terms of the extrapolated CVR and the classification of aortic stiffness as normal. The averageIntroduction Carotid-femoral pulse wave velocity (PWV) is the 'gold standard' non-invasive method to assess aortic stiffness and more importantly it is an independent, strong predictor of cardiovascular risk (CVR) and mortality in several populations. [1] [2] [3] The past 15
years there has been a dramatic rise in clinical studies involving PWV measurements, which have prompted experts, scientific societies and working groups to establish methodological standards for PWV measurement. 4, 5 However, although a noticeable difference between consecutive PWV measurements is being often observed in clinical practice, there is no evidence-based recommendation regarding the minimum number of PWV measurements that are required for concise estimation of aortic stiffness. To date, repeated PWV measurements have been evaluated only in respect to their reproducibility. 6, 7 Recently, in a meta-analysis of 17 longitudinal studies that evaluated aortic PWV and followed up 15 877 subjects for a mean of 7.7 years, the absolute differences/changes of PWV (in m s À1 ) have been 'translated' to a specific change in CVR (1 m s À1 change corresponds to 15% change in CVR)). In addition, normal values of PWV have been also published, 8 allowing the classification of a PWV measurement to normal or abnormal. Thus, it is now possible to re-evaluate the absolute differences between repeated PWV measurements, beyond reproducibility analysis, in terms of the consequent 'bias' in the CVR estimation and the classification of normal PWV.
The hypothesis of this study was that the absolute differences between single consecutive PWV measurements could be substantial resulting to different CVR estimation and aortic stiffness classification as normal, even when excellent reproducibility is achieved. The purpose of this study was: (1) to evaluate the differences between three single consecutive PWV measurements in terms of CVR estimation and classification of PWV according to normal values and (2) to examine whether the average of two or three PWV measurements provide equivalent information related to CVR estimation and PWV classification.
Methods

Study protocol
The study population consisted of 60 consecutive subjects who referred to Hypertension Unit (Sotiria Hospital) for CVR assessment. All subjects had normal sinus rhythm. Subjects with arrhythmia and severe obesity (body mass index 440 kg m À2 ) were excluded from this study. Diabetes was defined as fasting glucose X126 mg dl À1 or the presence of anti-diabetic drug treatment or the presence of abnormal glucose tolerance test that is fasting plasma glucose 4200 mg dl À1 2 h after 75 g of oral glucose load. Hypertension was defined according to the guidelines published by the European Society of Hypertension. 9 All subjects were examined during 0900-1100 hours in a quiet, temperaturecontrolled environment (21-23 1C) . Patients under pharmaceutical treatment did not receive their medication at least 12 h prior the examination. All subjects fasted for 12 h and abstained from alcohol, caffeinated beverages or any other vasoactive substances for 24 h before the examination. The study protocol was approved by the Institutional Scientific Committee and all participants gave informed consent before entering the study.
Measurement of office blood pressure (BP). Each subject rested in sitting position for at least 5 min while the clinical profile of the subject was recorded. Office BP measurements were made in accordance to the recommendations of the international guidelines. 9 Three consecutive brachial BP recordings were performed (with 1 min interval) at right arm with the subject at the sitting position with a mercury cuff sphygmomanometer (Baumanometer (WA Baum Co. Inc., Copiague, NY, USA). Phase I and V (disappearance) Korotkoff sounds were used to identify the systolic and diastolic BP, respectively. In our laboratory, we traditionally use the average of the last two recordings as office BP.
Measurement of PWV. Carotid-to-femoral PWV was calculated based on measurements of pulse transit time and the distance travelled by the pressure wave between two recording sites (PWV ¼ distance (m)/transit time (s)). For this purpose we used a validated non-invasive device (Complior, Colson, Paris, France), which allows online pulse wave recording and automatic calculation of PWV. 10 Two different pulse waves were recorded simultaneously at the base of the neck for the common carotid and over the right femoral artery. The distance was defined as: the distance from the suprasternic notch to femoral artery minus the distance from carotid artery to the suprasternic notch. PWV measurement was performed after a 5-10-min resting period with the subject being at the supine position. PWV was measured three times with B1 min interval. Before each PWV measurement, BP (systolic, diastolic and pulse pressure) and heart rate were measured again (supine position). All BP and PWV measurements were performed by an expert operator (AP). The distance between the carotid and the femoral artery was measured only once by the same operator.
Data analysis. The single consecutive PWV measurements (PWV 1 , PWV 2 and PWV 3 ) were averaged as follows: PWV 1,2 : the average of the first two measurements PWV 2, 3 : the average of the second and third measurement PWV 1, 3 : the average of the first and third measurement PWV 1, 2, 3 : the average of all three measurements.
The absolute differences ('bias') between all possible paired combinations of the single and average PWV measurements were calculated. At first we determined the difference between single PWV measurements; first minus second, first minus third and second minus third. Then we determined the difference of each one of the three single PWV measurements (PWV 1 , PWV 2 and PWV 3 ) from the average of the first two and the last two PWV measurements (PWV 1,2 , PWV 2,3 , respectively). Also the difference of each single PWV measurements from the average of all three measurements (PWV 1,2,3 ) was calculated. Finally, we determined the difference of the average of any pair out of the three repeated measurements (PWV 1,2 , PWV 2,3 and PWV 1, 3 ) from the average of all three PWV measurements.
The classification of the absolute difference between single and average PWV measurements was based on a recent meta-analysis of 17 longitudinal studies that evaluated aortic PWV and followed up 412 000 subjects for a mean of 7.7 years, 11 which showed that a PWV difference by 0.5 m s À1 corresponds to 7.5% change in the risk for CV mortality. This cutoff value (0.5 m s À1 ) can be considered as a clinically meaningful 'bias' between repeated PWV measurements. Moreover, the AR-TERY Society published, recently, guidelines for validation of devices for the non-invasive measurement of arterial PWV. 12 The accuracy of a measurement (test-device) is determined by both the mean difference from the reference standard (reference test), and the s.d. of this difference. In this respect, the accuracy of a measurement is characterized as 'excellent' when a mean difference is o0. 5 12 On the basis of the above evidence, in this study the absolute differences between PWV measurements (single or averaged), for each subject, were classified as (1) p0.25, (2) 0.25-0.49, (3) 0.50-0.99 and (4) X1.00 m s À1 . The subjects' classification to normal/abnormal aortic stiffness was based on age-adjusted normal value of PWV, which were recently published. 8 For each subject the single and average PWV measurements were used for this classification.
Statistics. Continuous variables are presented as mean ± s.d.; their distribution was evaluated graphically by histograms and statistically by nonparametric Kolmogorov-Smirnov test. Differences among the three repeated measurements of PWV, BP and heart rate were evaluated using analysis of variance for repeated measures and post-hoc analysis (Bonferroni corrected student t-test for multiple comparisons). Bivariate correlations were determined by Pearson's correlation coefficient. Multivariate regression analysis was used to determine possible independent factors that relate with increased variability-difference between repeated PWV measurements. P-values o0.05 were considered to represent statistical significance. Intraobserver reproducibility was evaluated using the method of Bland and Altman. 13 According to this method, the differences between the two repeated measurements are plotted against their mean value. Intraclass correlation coefficient (ICC) was also calculated to assess reproducibility between sets of PWV measurements (single or averaged PWV measurements) as described previously.
14,15 ICC assesses the reproducibility of measurements by comparing the variability of different measurements of the same subject to the total variation across all measurements and all subjects. ICC values range from À1 for perfect disagreement, to 0 for random agreement and to þ 1 for perfect agreement. The 'between-measurement' coefficient of variation was calculated. Finally, the s.d. of differences between two sets (single or average) of PWV measurements was also calculated. Cohen's k was used to evaluate the agreement between classifications made by PWV 1 
Results
Among the 60 subjects who were examined, 48 were males, 4 had CV disease, 4 were diabetics, 18 were dyslipidaemic and 36 were hypertensive. Descriptive characteristics of the study population are reported in Table 1 . Haemodynamic parameters (systolic and diastolic BP, pulse pressure, heart rate) measured before the each one of the three repeated PWV measurements are reported in Table 2 . It was observed that there was no significant variation of BP and heart rate among the three repeated measurements. Also, there was no significant difference among the three sets of averaged PWV (Tables 1 and 2) .
Indices indicating the reproducibility, the variation and the association between pairs of individual or/and averaged values of PWV, such as the mean and s.d. of the two measures, the intra-subject coefficient of variation, the ICC, the Pearson correlation coefficient are reported in (Figure 1 ).
The distribution (number and %) of subjects for different magnitudes of absolute PWV differences between individual and averaged recordings is reported in Table 4 . Out of the 60 subjects, the 26.6-38.3% had a difference X0.5 m s À1 between any pair of the three single PWV measurements. In 18.3% of the subjects, a difference X0.5 m s À1 was observed between PWV 1,2 and PWV 1 or PWV 2 . In 10-20% of the subjects, a difference X0.5 m s À1 was observed between the average of all three measurements and any of first or second or third single measurement. In only 0-5% of the subjects, a difference X0.5 m s À1 was observed between the average of the three measurements and the average of any two PWV measurements.
The assessment of agreement (k statistic, P-value) between pairs of different classifications of normal and abnormal PWV levels, made by single and averaged measurements is summarized in Table 5 . Although there was a statistically significant agreement between pairs of single PWV measurements (Po0.05), k ranged between 0.6 indicating moderate agreement. 16 There was no significant agreement regarding PWV classification as normal between: the first or second single measurement and the averaged values of any two or the three PWV measurements. There was significant, very good agreement in Finally, we investigated whether the absolute difference between the first two PWV measurements (which was found to be clinically relevant) is related with age, gender, height, weight, waist circumference, heart rate and mean BP. It was found that only age is significantly related with the absolute difference between the first and the second PWV measurement (r ¼ 0.257, P ¼ 0.047). Namely, older subjects presented a greater PWV difference compared with younger. This was also found by step-wise multivariate analysis (data not shown).
Discussion
This study demonstrated that there is a substantial, clinically relevant, difference between single PWV measurements, beyond the good reproducibility. This difference can be directly translated to a considerable 'bias' in the estimation of PWV-related CVR and in subjects' classification in normal/ abnormal aortic stiffness. This evidence supports the hypothesis that a single PWV measurement does not assure concise estimation of aortic stiffness levels and more importantly of the PWV-related CVR. The average of two PWV measurements seems to eliminate these discrepancies (in a time effective manner), because a very good agreement between the average of three and the average of two PWV measurements, in terms of CVR estimation and PWV classification as normal, was observed.
The salient observation in this study was that the difference between any pair out of three single repeated PWV measurements is translated to a difference (bias) in CVR estimation by X7.5% in 26.6-38.3% of the subjects. Also, each single measurement, based on the recently published normal values of PWV, 8 classified PWV as normal or abnormal with an inconsistent manner at 12% of the subjects (data not shown); for example, one PWV measurement is within normal range and another is abnormal. Thus, the average of two or three readings is needed.
The average of the first two PWV measurements differed X0.5 m s À1 from the first or the second PWV measurement in 18.3% of the studied population. Thus, in 18.3% of the subjects there is a difference in the CVR by 47.5% when estimated by a single compared with averaged PWV value. Also there was no significant agreement in classification of PWV as normal/abnormal between PWV 1 , PWV 2 and their average value (PWV 1,2, ). These observations indicate that substantially different information are provided by the average PWV compared with single measurements in terms of CVR estimation and aortic stiffness classification.
Finally, the present findings indicated that the average of three PWV measurements does not differ substantially from the average of the first and second as regards to the consequent difference in CVR estimation and in aortic stiffness classification. In 98.3% of the cases the absolute difference between PWV 1,2 and PWV 1,2,3 was o0.5 m s À1 . Moreover, there was a very good agreement between the classifications of arterial stiffness as normal/abnormal made by PWV 1,2 and PWV 1,2,3 . It should be also noted that the observed differences in PWV values between serial measurements are solely attributed to differences in the estimation of the delay-travel time of the pressure wave between the two recording arterial sites and not to potential bias of distance measurement.
It should be highlighted that previous studies, especially those investigating the prognostic/ Figure 1 Bland-Altman plots for pairs of single repeated measurements of carotid-to-femoral PWV.
Differences among single and average PWV measurements TG Papaioannou et al predictive value of PWV for CV events and mortality (Table 6) , are not consistent concerning the number of PWV measurements used. Most of these studies have performed only one PWV measurement as it is not otherwise stated. 1, 3, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] One study reported that one PWV measurement was performed 29 and two studies 30, 31 referred that two and three PWV measurements were performed, respectively, and an average value was then calculated. Thus, based on the results of this study, a substantial variation (and 'bias') in the determined CVR and the calculated statistical measures may exist, which depends on the number of PWV measurements. Also, published consensus papers and guidelines do not provide straight, evidence-based recommendation on whether a single or the average of two or three PWV measurements should be made. In a previous expert consensus document on methodological and clinical issues of arterial stiffness there is no mention at all concerning the number of PWV measurements. 4 In contrast, recommendations from the American Heart Association regarding the 'Noninvasive Assessment of Subclinical Atherosclerosis in Children and Adolescents' state that irrespective of the modality used, two or more consecutive PWV measurements should be performed. 5 
Limitations
The simple question 'how many measurements of PWV should be recommended in daily clinical practice?' can be hardly answered. Because the measurement of carotid-to-femoral PWV is the gold-standard non-invasive method for the estimation of aortic stiffness, it is rather impossible to compare these measurements with another theoretically more accurate non-invasive method. Though, invasive measurements of PWV could be quite useful for such a purpose. More importantly, the association of each single or averaged PWV measurement with clinical outcome in a prospective study, or their statistical association with CVR factors and target organ damage would likely provide a more straightforward answer regarding which measurement is clinically more meaningful. Although this study indicated that increased difference between two PWV measurements is significantly related with age, future studies in a Differences among single and average PWV measurements TG Papaioannou et al larger sample are needed to clarify whether a third PWV measurement would be beneficial in terms of accuracy, in specific subgroups of subjects with increased variability of serial PWV measurements.
Conclusion
Even if a high reproducibility in PWV measurement is succeeded, single PWV measurements provide quite variable results in terms of the extrapolated CVR and the classification of aortic stiffness as normal/abnormal. Thus, the average of more than one PWV measurements should be recommended as it may substantially decrease the bias in CVR estimation and provides a more consistent classification of aortic stiffness as normal/abnormal. Because, the average of two PWV measurements provides similar results with the average of three consecutive PWV measurements, in terms of CVR estimation and PWV classification, the average of two measurements could be enough (but necessary) for aortic stiffness estimation.
